Low cardiorespiratory fitness is a powerful predictor of morbidity and cardiovascular mortality. In 473 sedentary adults, all whites, from 99 families of the Health, Risk Factors, Exercise Training, and Genetics (HERITAGE) Family Study, the heritability of gains in maximal O 2 uptake (V O2max) after exposure to a standardized 20-wk exercise program was estimated at 47%. A genomewide association study based on 324,611 single-nucleotide polymorphisms (SNPs) was undertaken to identify SNPs associated with improvements in V O2max Based on single-SNP analysis, 39 SNPs were associated with the gains with P Ͻ 1.5 ϫ 10 Ϫ4 . Stepwise multiple regression analysis of the 39 SNPs identified a panel of 21 SNPs that accounted for 49% of the variance in V O2max trainability. Subjects who carried Յ9 favorable alleles at these 21 SNPs improved their V O2max by 221 ml/min, whereas those who carried Ն19 of these alleles gained, on average, 604 ml/min. The strongest association was with rs6552828, located in the acyl-CoA synthase long-chain member 1 (ACSL1) gene, which accounted by itself for ϳ6% of the training response of V O2max. The genes nearest to the SNPs that were the strongest predictors were PR domain-containing 1 with ZNF domain (PRDM1); glutamate receptor, ionotropic, N-methyl-D-aspartate 3A (GRIN3A); K ϩ channel, voltage gated, subfamily H, member 8 (KCNH8); and zinc finger protein of the cerebellum 4 (ZIC4). The association with the SNP nearest to ZIC4 was replicated in 40-to 65-yr-old, sedentary, overweight, and dyslipidemic subjects trained in Studies of a Targeted Risk Reduction Intervention Through Defined Exercise (STRRIDE; n ϭ 183). Two SNPs were replicated in sedentary obese white women exercise trained in the Dose Response to Exercise (DREW) study (n ϭ 112): rs1956197 near dishevelled associated activator of morphogenesis 1 (DAAM1) and rs17117533 in the vicinity of necdin (NDN). The association of SNPs rs884736 in the calmodulin-binding transcription activator 1 (CAMTA1) locus and rs17581162 ϳ68 kb upstream from regulator of G protein signaling 18 (RGS18) with the gains in V O2max in HERITAGE whites were replicated in HERITAGE blacks (n ϭ 247). These genomic predictors of the response of V O2max to regular exercise provide new targets for the study of the biology of fitness and its adaptation to regular exercise. Large-scale replication studies are warranted. endurance training; trainability; human variation; high and low responders LOW CARDIORESPIRATORY FITNESS, lack of exercise, and spending a considerable amount of time in sedentary activities, such as Fig. 2. A Manhattan summary plot of the V O2max training response genome-wide association study (GWAS) results across 22 autosomes. Chromosomes are on the x-axis, and P values are shown on the y-axis as Ϫlog10 of P. 1163 GENOMIC PREDICTORS OF THE V O2max RESPONSE TO TRAINING
sitting for prolonged periods, are all associated with less favorable cardiovascular and diabetes risk profiles, increased morbidities, and higher mortality from all causes and from cardiovascular diseases (3, 6, 18, 30, 35, 40, 42) . To alleviate the health burden associated with sedentary behavior and poor fitness, public health recommendations are that adults be physically active at moderate intensity most days of the week (6, 35, 42) . The assumption is that as people become more active, they increase cardiorespiratory fitness, thereby reducing the risk of disease and premature death. This approach has been validated in several studies (2, 21) . Cardiorespiratory fitness levels are also more strongly related to health outcomes than are general physical activity levels (17, 23) .
Maximal O 2 uptake (V O 2max ), the maximal amount of O 2 per unit of time that can be delivered to peripheral organs, including skeletal muscle, where it is used to sustain muscular contraction at peak exercise, is considered the gold standard measure of cardiorespiratory fitness. V O 2max is characterized by wide interindividual differences even among sedentary adults. For instance, in the Health, Risk Factors, Exercise Training, and Genetics (HERITAGE) Family Study, the heritability of V O 2max in the untrained state adjusted for age, sex, body mass, and body composition was estimated at ϳ50% (7) , a level comparable with what has been observed in other family studies and in sets of identical and fraternal twins (11) . However, little is known about the genes and DNA sequence variants that account for this genetic effect (12) . Regular exercise is the most effective way to augment cardiorespiratory fitness, as evidenced by an increase in V O 2max or an improved tolerance to a given absolute level of submaximal exercise.
There are considerable individual differences in V O 2max responses to exercise training. In the HERITAGE Family Study, 473 adult whites from 99 nuclear families completed a fully standardized 20-wk endurance training program. The training program induced an average V O 2max increase of ϳ400 ml O 2 /min with a SD of ϳ200 ml/min and a range from Ϫ114 to ϩ1,097 ml/min in HERITAGE whites (8) . The heritability estimate of the V O 2max training response was 47%. The genes and sequence variants responsible for this substantial genetic effect remained unidentified.
Here, we report the results of an investigation to identify the genetic variants associated with gains in V O 2max using the resources of the subsample of whites in the HERITAGE Family Study. A total of 324,611 single-nucleotide polymorphisms (SNPs) were genotyped for this purpose and subjected to extensive quality control. The most significant SNPs were tested for replication in the subsample of blacks from the HERITAGE Study, women in the Dose Response to Exercise (DREW) Study, and men and women in the Studies of a Targeted Risk Reduction Intervention Through Defined Exercise (STRRIDE), who were all exposed to different but standardized and supervised exercise training programs. This is the first genome-wide association study (GWAS) of changes in response to exercise training. Our assumption was that it would be easier to identify SNPs and genes using an intervention design because of the low error variance for the phenotypes of interest and the low probability of confounders playing a major role compared with a typical GWAS based on cross-sectional, observational data.
METHODS

Studies Used in the GWAS
The three studies upon which the present report is based are described succinctly here. Additional information on each can be found in other publications (5, 14, 22) .
HERITAGE Family Study. The sample, study design, and exercise training protocol of the HERITAGE Family Study have been described elsewhere (5) .
Briefly, 834 subjects from 218 families were recruited to participate in an endurance exercise training study and have measurements of baseline V O2max taken. Among them, 483 adults from 99 families of Caucasian descent were defined as completers (5) . Likewise, 259 blacks from 105 families or sibships completed the training and testing requirements. Parents were 65 yr of age or less, whereas offspring ranged in age from 17 to 41 yr old. Participants were sedentary at baseline, normotensive or mildly hypertensive (Ͻ160/ 100 mmHg), and did not take medications for hypertension, diabetes, or dyslipidemia (5) . The study protocol was approved by the Institutional Review Boards (IRBs) at each of the five participating centers of the HERITAGE Family Study consortium. Written informed consent was obtained from each participant.
Each subject in the HERITAGE Family Study exercised 3 times/wk for 20 wk on cycle ergometers. The intensity of the training was customized for each individual based on heart rate (HR) and V O2 measurements taken at the baseline test. Details of the exercise training protocol can be found elsewhere (5) . Briefly, subjects trained at the HR associated with 55% of baseline V O2max for 30 min/session for the first 2 wk. The duration and intensity were gradually increased every 2 wk until 50 min and 75% of the HR associated with baseline V O2max were reached. This level was maintained for the final 6 wk of training. All training was performed on Universal Aerobicycles (Cedar Rapids, IA), and power output was controlled by direct HR monitoring using the Universal Gym Mednet (Cedar Rapids, IA) computerized system. The protocol was standardized across all clinical centers and was supervised to ensure that the equipment was working properly and that the participants were compliant with the protocol.
Two maximal exercise tests to measure V O2max were performed on 2 separate days at baseline and again on 2 separate days after training on a SensorMedics 800S (Yorba Linda, CA) cycle ergometer and a SensorMedics 2900 metabolic measurement cart (38) . The tests were conducted at about the same time of day, with at least 48 h between the two tests. In the first test, subjects exercised at a power output of 50 W for 3 min followed by increases of 25 W each 2 min until volitional exhaustion. For older, smaller, or less fit individuals, the test was started at 40 W, with increases of 10 -20 W each 2 min thereafter. In the second test, subjects exercised for ϳ10 min at an absolute (50 W) and a relative power output equivalent to 60% V O2max. They then exercised for 3 min at a relative power output that was 80% of their V O2max, after which resistance was increased to the highest power output attained in the first maximal test. If the subjects were able to pedal after 2 min, power output was increased each 2 min thereafter until they reached volitional fatigue. The average V O2max from these two sets was taken as the V O2max for that subject and used in analyses if both values were within 5% of each other. If they differed by Ͼ5%, the higher V O2max was used.
DREW exercise training program. A complete description of the design and methods (31) and details of the study participants (14) in the DREW Study have been previously published. In brief, the study was a randomized, dose-response exercise trial with sedentary, postmenopausal overweight or obese women assigned to either a nonexercise control group or to exercising groups that expended either 4, 8, or 12 kcal·kg Ϫ1 ·wk Ϫ1 . The study was originally reviewed annually by The Cooper Institute and subsequently approved by the IRB of the Pennington Biomedical Research Center for continued analysis. Before participation, all participants signed a written informed consent document outlining the procedures involved in the DREW Study.
Exercising women participated in three or four (for the higher volume arm) training sessions each week for 6 mo with training intensity at the HR associated with 50% of each woman's V O2max. During the first week, each group expended 4 kcal/kg. Those assigned to that level continued to expend 4 kcal·kg Ϫ1 ·wk Ϫ1 for 6 mo. All other groups increased their energy expenditure by 1 kcal·kg Ϫ1 ·wk Ϫ1 until they reached the amount prescribed for their group. All exercise sessions were performed under supervision in an exercise laboratory with complete and strict monitoring of the amount of exercise completed in each session. Women in the exercise groups alternated training sessions on semirecumbent cycle ergometers and treadmills. For the purpose of this study, we pooled the data of the women in the 8 (n ϭ 50) and 12 (n ϭ 62) kcal·kg Ϫ1 ·wk Ϫ1 groups only and excluded the 4 kcal·kg Ϫ1 ·wk Ϫ1 group.
Baseline and posttraining V O2max values were an average of two maximal exercise tests completed on separate days using a cycle ergometer. The maximal tests consisted of subjects exercising at 30 W for 2 min and 50 W for 4 min followed by increases of 20 W every 2 min until exhaustion, as described elsewhere (31) .
STRRIDE I and II exercise training programs. A complete description of the STRRIDE study design and eligibility has been published elsewhere (22) . The research protocol was reviewed and approved by the relevant IRBs of Duke University and East Carolina University. All subjects provided written informed consent. In brief, the STRRIDE I cohort was 40 to 65 yr old, sedentary, overweight or class 1 obese (body mass index: 25-35 kg/m 2 ), dyslipidemic (either LDLcholesterol of 130 -190 mg/dl or HDL-cholesterol of Ͻ40 mg/dl for men or Ͻ45 mg/dl for women), and postmenopausal. Subjects in STRRIDE I were randomly assigned to one of three training groups as follows: 1) high-amount/vigorous-intensity exercise, 2,000 kcal/wk (170 min/wk), or the caloric equivalent of jogging ϳ20 miles/wk for a 90-kg person at 65-80% V O2max; 2) low-amount/vigorous-intensity exercise, 1,200 kcal/wk (ϳ120 min/wk), or the caloric equivalent of jogging 12 miles/wk at 65-80% V O 2max; and 3) low-amount/moderate-intensity exercise, 1,200 kcal/wk (170 min/wk), or the caloric equivalent of walking 12 miles/wk at 40 -55% V O2max. For the high-amount/vigorous-intensity group, the specific prescription was to expend 23 kcal·kg body wt Ϫ1 ·wk Ϫ1 . For the two low-amount groups, energy expenditure was 14 kcal·kg body wt Ϫ1 ·wk Ϫ1 . There was an initial ramp period of 2-3 mo followed by 6 mo at the appropriate exercise prescription, so that the total duration was 8 -9 mo of training. Although the amount of exercise was expressed in terms of walking or jogging a certain distance to simplify the description of the exercise groups, the main exercise modalities were treadmills and elliptical trainers, with some use of cycle ergometers.
The STRRIDE II cohort was very similar to the STRRIDE I cohort with the exceptions being that the age range was 18 to 70 yr old and women did not have to be postmenopausal. Subjects in STRRIDE II were assigned to one of four exercise training groups as follows: 1) aerobic training (AT) only, 1,300 kcal/wk, with exercise performed 3 times/wk at an intensity of 65-80% V O2max; 2) resistance training (RT) only, with 3 sets of 12-15 repetitions performed 3 times/wk; 3) combined AT and RT (AT/RT), the combination of the protocols for AT and RT described above performed 3-5 times/wk; and 4) high AT, 2,200 kcal/wk, performed 3 times/wk at an intensity of 65-80% V O2max. All exercise sessions were verified by direct supervision or by HR monitors that provided recorded data (Polar Electro, Woodbury, NY).
All subjects underwent V O2max tests with a 12-lead ECG and expired gas analysis on a treadmill (16) . These tests were performed twice at baseline and after the exercise program was completed. Expired gases were analyzed continuously (model 2900 U, Sensor-Medics, Yorba Linda, CA; or TrueMax 2400 ParvoMedics, Sandy, UT). The protocol consisted of 2-min stages, which increased the workload by ϳ1 metabolic equivalent unit/stage. The same protocol and same metabolic cart were used before and after training in each subject. The last 40 s were averaged to determine V O2max. The actual work rate, correlating to the prescribed exercise intensity, was determined during a submaximal exercise test performed on a separate day during the first 2-3 wk of exercise training.
GWAS SNP genotyping
Genomic DNA was prepared from immortalized lymphoblastoid cell lines by a commercial DNA extraction kit (Gentra Systems, Minneapolis, MN). GWAS SNPs were genotyped using Illumina HumanCNV370-Quad v3.0 BeadChips on an Illumina BeadStation 500GX platform. Genotype calls were done with Illumina Ge-nomeStudio software, and all samples were called in the same batch to eliminate batch-to-batch variations. All GenomeStudio genotype calls with a GenTrain score of Ͻ0.885 were checked and confirmed manually. Monomorphic SNPs and SNPs with only one heterozygote as well as SNPs with Ͼ30% missing data were filtered out with GenomeStudio. Quality control of the GWAS SNP data confirmed all family relationships and found no evidence of DNA sample mix-ups. Only 78 SNPs (0.023%) had Ͼ10% missing data. Minor allele frequency was Ͻ1% for 1,301 SNPs (0.39%). Hardy-Weinberg equilibrium (HWE) test P values were Ͻ10 Ϫ5 and 10 Ϫ6 for 55 (0.017%) and 12 (0.0037%) SNPs, respectively. Twelve samples were genotyped in duplicate with 100% reproducibility across all the SNPs.
The 15 SNPs most strongly associated from the final regression model were selected for replication experiments. Two of these SNPs received very low Illumina GoldenGate assay design scores (rs10921078: 0.30 and rs824205: 0.21, score range: 0 -1.1; values of Ͼ0.6 indicate a satisfactory a priori likelihood for a successful assay), and we used the International HapMap Caucasian database to find replacements for them: SNP rs824205 was replaced with rs17117533 (pairwise r 2 ϭ 1.0, design score ϭ 0.99) and SNP rs10921078 was replaced with rs17581162 (pairwise r 2 ϭ 0.84, design score ϭ 0.96). DNA for the replication experiments was extracted from immortalized lymphoblastoid cell lines (HERITAGE), buffy coats (DREW and STRRIDE), and skeletal muscle biopsies (STRRIDE). SNPs were genotyped using an Illumina GoldenGate assay and Veracode technology on the BeadXpress platform. Genotype calls were done using Illumina GenomeStudio software. The average genotype call rate was 0.998 for SNPs and 99.5% for DNA samples (HERITAGE: 100%, DREW: 99.7%, and STRRIDE: 98.5%). None of the SNPs showed Mendelian errors in the HERITAGE families, and all SNPs were in HWE [tested using the exact HWE test implemented in the PEDSTATS software package (44) ]. In addition, five Centre d'Etude du Polymorphisme Humain (CEPH) DNA samples included in the HapMap Phase II CEU panel (NA10851, NA10854, NA10857, NA10860, and NA10861) were genotyped in triplicate. Concordance between the replicates as well as with the SNP genotypes from the HapMap database was 100%. A 100% concordance between GoldenGate (replication study) and Infinium (GWAS) assays was confirmed by genotyping 20 HERITAGE whites with both methods.
Statistical Analyses
The V O2max training response was adjusted for age and baseline V O2max using a stepwise regression procedure. Residuals were standardized to a zero mean and unit variance within sex-by-generation subgroups as previously described (9) .
Associations between the GWAS SNPs and V O2max training responses were analyzed using the MERLIN software package. The total association model of MERLIN uses a variance-component framework to combine the phenotypic mean model and estimates of additive genetic, residual genetic, and residual environmental variances from a variance-covariance matrix into a single likelihood model. The evidence of association is evaluated by maximizing the likelihoods under two conditions: the null hypothesis (L 0) restricts the additive genetic effect of the marker locus to zero (␤a ϭ 0), whereas the alternative hypothesis does not impose any restrictions on ␤a. The quantity of twice the difference of the log likelihoods between the alternative (L1) and null hypotheses {2[ln (L1) Ϫ ln (L0)]} is distributed as 2 with 1 difference in the number of parameters estimated.
Multivariable regression procedures were used to evaluate the overall contribution of the most significant GWAS SNPs on the V O2max training response. All GWAS SNPs with P Յ 1.5 ϫ 10 Ϫ4 were included. First, a regression model with backward elimination was used to filter out redundant SNPs [mainly due to a strong pairwise linkage disequilibrium (LD)]. The threshold for keeping the SNPs in the model was P ϭ 0.05. SNPs that were retained in the final backward elimination model were then analyzed with a multivariate regression model using forward selection.
Associations between the V O2max training response and replication SNPs were analyzed using the MERLIN association model in HERITAGE blacks and with general linear models (Proc GLM in SAS version 9.1) in DREW and STRRIDE subjects. Data adjustment in HERITAGE blacks was done the same way as in HERITAGE whites. For DREW and STRRIDE, age, sex (STRRIDE only), baseline V O2max, and intervention group were used as covariates in the GLM model. In these replication samples, we retained SNPs significant at the 0.05 level.
RESULTS
The distribution of V O 2max changes with the HERITAGE exercise training program is shown in Fig. 1 for the whites. About 7% of subjects registered a gain of 100 ml/min or less, whereas 8% of subjects improved by 700 ml/min or more. On average, subjects increased V O 2max by ϳ400 ml O 2 /min with a SD of Ͼ200 ml/min.
An overview of single-SNP GWAS results across all 22 autosomes is shown as a Manhattan plot in Fig. 2 . Altogether, 39 SNPs with minor allele frequency of 8% or more were associated with a V O 2max training response at the P Ͻ 1.5 ϫ 10 Ϫ4 significance level (Table 1) : 5 SNPs showed associations at P Ͻ 1 ϫ 10 Ϫ5 , whereas 20 SNPs [including a cluster of 6 SNPs with pairwise r 2 Ͼ 0.95 in the HLA complex group 22 (HCG22) locus] were associated at a significance level of 1.4 ϫ 10 Ϫ5 Ͻ P Ͻ 9.3 ϫ 10 Ϫ4 . Full names of the gene loci closest to the SNPs shown in Table 1 and used elsewhere in this report are provided in the Supplemental Material (Supplemental Table S1 ). 1 The strongest evidence of association (P ϭ 1.31 ϫ 10 Ϫ6 ) was detected with SNP rs6552828 (chromosome 4), which is located in the first intron of the acyl-coA synthase long-chain member 1 gene (ACSL1; also known as long-chain acyl-CoA synthetase), 715 bp and 718 bp upstream of exon 2 and the start codon, respectively. Homozygotes of the rs6552828 minor allele (A/A) had 125 ml/min (28%) and 63 ml/min (17%) lower V O 2max responses than the common allele homozygotes (G/G) and heterozygotes (A/G), respectively. In the single-SNP analyses, rs6552828 explained 6.1% of the variance in the response of V O 2max .
All 39 SNPs that showed P values of Ͻ1.5 ϫ 10 Ϫ4 in single-SNP analyses were selected for multivariate analyses with the change in V O 2max as the dependent variable. First, all 39 SNPs were tested using a regression model with backward elimination to filter out redundant markers (due to pairwise LD); 21 SNPs were retained (P Ͻ 0.05) in the final model. These 21 SNPs were then entered into a multivariate regression model with forward selection ( Table 2 ). The full-forward selection model with 21 SNPs explained 48.6% of the variance in the response of V O 2max to the exercise program: 6 SNPs each contributed at least 3%, 10 SNPs contributed between 1% and 3%, and 4 SNPs contributed Ͻ1% to the total variance. The six SNPs most strongly associated with the gains in V O 2max were rs10499043, which was located 287 kb from the nearest gene, PR domain-containing 1 with ZNF domain (PRDM1); rs1535628, which mapped 516 kb from the gene for glutamate receptor, ionotropic, N-methyl-D-aspartate (NMDA) 3A (GRIN3A); rs4973706, which was 268 kb from the gene for K ϩ channel, voltage gated, subfamily H, member 8 (KCNH8); rs12115454, which was 33 kb from chromosome 9 open reading frame 27 (C9orf27); rs6552828, which was located in the first intron of ACSL1; and rs11715829, which was 146 kb from zinc finger protein of the cerebellum 4 (ZIC4).
A summary "predictor score" was constructed using the 21 SNPs shown in Table 2 . Each SNP was recoded to reflect the number of high V O 2max training response alleles: 0 ϭ homozygote for the low-response allele, 1 ϭ heterozygote, and 2 ϭ homozygote for the high-response allele. The sum of the 21 recoded SNPs was used as the predictor score (theoretical range: 0 -42). The observed predictor SNP summary score values ranged from a minimum of 7 to a maximum of 31 ( Table 3 ). The mean increase in V O 2max among the subjects with a predictor SNP score of Յ9 (36 subjects) was 221 ml O 2 /min, whereas those with a score of Ն19 (52 subjects) had a 2.7 times greater (604 ml/min) V O 2max training response (Fig. 3) .
Replication of associations with the 15 most strongly associated SNPs among these 21 SNPs was attempted using the smaller cohorts of HERITAGE blacks and DREW and STRRIDE subjects. Detailed results for these 15 SNPs across all replication cohorts are shown in Supplemental Table S2 . We used a P value of Յ0.05 to verify if associations could be replicated in these other cohorts. Subjects in DREW and STRRIDE were ϳ20 yr older than the HERITAGE whites and blacks (Table 4 ). Baseline V O 2max was significantly lower in DREW subjects, with a mean of ϳ16 ml·kg Ϫ1 ·min Ϫ1 . Subjects in DREW and STRRIDE increased their V O 2max by 8.7% and 10%, respectively, in contrast to the mean increases of 16.9% and 18.9% in HERITAGE whites and blacks (Table 4 ).
We first considered the 6 SNPs among the 21 most strongly associated SNPs (regression model) with the exercise training induced increase in V O 2max in HERITAGE whites. Among them, rs10499043 (287 kb upstream from PRDM1) was not associated with the changes in V O 2max in HERITAGE blacks or DREW or STRRIDE subjects. No associations were found also with rs1535628 (516 kb from GRIN3A), rs4973706 (268 kb from KCNH8), rs12115454 (33 kb from C9orf27), and rs6552828 (in ACSL1) in any of the replication cohorts. However, rs11715829 (146 kb from ZIC4) was associated with the gains in V O 2max in STRRIDE subjects, with the major allele homozygotes gaining ϳ30% less than the minor allele carriers, just as in HERITAGE whites. The latter results are shown in Fig. 4 .
Even though there was little replication with the six most strongly associated SNPs as evidenced in HERITAGE whites, there were several positive findings for the other SNPs of the genomic predictors of trainability. In HERITAGE blacks, rs884736 [in calmodulin-binding transcription activator 1(CAMTA1)] was significantly associated with V O 2max increases (P ϭ 0.032), with a pattern identical to that of HERITAGE whites (Fig. 5,  top) . Similarly, for two SNPs in complete LD in the vicinity of the regulator of G protein signaling 18 gene (RGS18), the common allele homozygotes gained less than the minor allele carriers both in HERITAGE blacks and whites (Fig. 5,  bottom) .
More replications were observed in DREW subjects. As shown in Fig. 6, rs1956197 [174 kb from the dishevelled associated activator of morphogenesis 1 gene (DAAM1), P ϭ 0.0193] was significantly associated with the gains in V O 2max with the same response patterns as in HERITAGE whites. Moreover, SNPs rs17117533 and rs824205, located ϳ75 kb upstream of the necdin gene (NDN), found to be significant in HERITAGE whites were also found to be associated (P ϭ 0.05) with the gains in V O 2max in DREW subjects (Fig. 7) .
DISCUSSION
On average, the gains in V O 2max in groups of subjects exposed to several months of endurance exercise were of the order of 15-25%. Most studies have not found an age or a sex effect in the relative V O 2max response to training, i.e., in the gains of V O 2max adjusted for the baseline value or in the percentage of improvement (8, 26, 39) . However, there are considerable individual differences in the magnitude of benefits derived from a physically active lifestyle (4, 20, 26, 45) . Thus, the heterogeneity in the response in V O 2max ranges from zero or very low gains up to Ͼ50%. In a series of intervention studies performed with identical twins, we (4, 36) found that the between-identical twin pairs variance in response to regular exercise was from two to nine times larger than the within-pair variance for cardiorespiratory fitness, hemodynamic, and metabolic phenotypes. These observations were amplified and confirmed by the HERITAGE Family Study (8, 10, 37) . Why do we have such human variation in human adaptive capacity? From a prior report (8) , we know that the heritability of the response variance adjusted for age, sex, and baseline V O 2max is in the range of 45-50%. The present study showed that almost 50% of the variance in age, sex, and baseline level-adjusted V O 2max response to an exercise program can be predicted with a panel of 21 SNPs in 473 whites from the HERITAGE Family Study, indicating a high degree of concordance between the heritability level and the variance accounted for by the panel of 21 SNPs. Interestingly, each of six of these SNPs accounted for at least 3% of the variance in the V O 2max response. This observation is in sharp contrast with the numerous reports on the effect size of SNPs associated with METHODS) . Gene indicates the gene located nearest to the SNP. The distance to the gene in kb (1,000 bp) is shown in parentheses. If no distance is shown, the SNP is located within the gene locus. The summary score was calculated using the 21 SNPs shown in Table 2 . Fig. 3 . Age, sex, and baseline V O2max-adjusted V O2max training responses across nine GWAS predictor single-nucleotide polymorphism (SNP) score categories in HERITAGE whites. Numbers of subjects within each SNP score category are indicated inside each histogram bar. Le, "less or equal to;" ge, "greater or equal to." common chronic diseases or normal human quantitative traits as reported in the GWAS literature over recent years, in which the effect sizes of SNPs rarely exceed 1% (25, 28, 43, 46) . We speculate that the difference between the HERITAGE Family Study and the other GWAS reports arises primarily from the fact that V O 2max was measured quite precisely (twice before the exercise program and twice posttraining) in the HERITAGE Family Study, that V O 2max is a clear, well-defined physiological trait, and that the changes were generated by a rigorous intervention with all completers having achieved a very high degree of compliance. In contrast, the genome-wide explorations reported to date (e.g., obesity and type 2 diabetes) have been based largely on observational data, with subjects measured or reporting their status at one time point and in cohorts in which young or middle-aged control subjects may carry the risk alleles but have not yet expressed the disease. However, there is also a probability that some of the significant SNPs are false positives given the modest sample size of HERITAGE whites. SNP rs6552828 encoded in ACSL1 accounted for 3.5% of the V O 2max trainability variance in the multivariable regression model ( Table 2 ) but 7% in the individual SNP analysis (Table  1) . Besides the quantitative evidence of a strong association, ACSL1 is a serious candidate gene because of its potential relevance to the adaptation to regular exercise. ACSL1 contributes most of the acyl-CoA synthetase activity in adipose tissue and is highly expressed in skeletal muscle and in the heart. ACSL1 encodes an enzyme that is involved in the partitioning of fatty acids and the control of lipid influx but, even more importantly, the control of lipid efflux (24) . It plays a key role in normal insulin metabolism and fatty acid-induced insulin resistance. A SNP in ACSL1 has been associated with fasting glucose, insulin resistance, and the presence of metabolic syndrome, particularly in the presence of a high-fat diet (34) . In mice, heart-specific overexpression of ACSL1 increases triglyceride accumulation in cardiac myocytes, which leads to cardiac hypertrophy, left ventricular dysfunction, and premature death (13) . In the multivariable regression analysis of association with the V O 2max response, a marker 287 kb from PRDM1 was the strongest predictor, accounting for 7% of the variance ( Table  2) . PRDM1 (also known as BLIMP1) encodes a protein with a positive regulatory domain 1 element and a zinc finger domain. The protein acts as a repressor of ␤-interferon gene expression. PRDM1 is widely expressed and has been implicated in skeletal muscle fiber type differentiation (1), germ cell lineage formation (33) , and T cell homeostasis and activation (29) , to name but a few potential roles. It has also been suggested that PRDM1 may be the target of epigenetic downregulation (32) . It is not clear yet how sequence variation in PRDM1 or in another gene in the vicinity could influence the V O 2max training response, but given the estimated effect size observed in HERITAGE whites, this genomic region deserves further, intensive investigation.
Among other strong members of the SNP predictor score, rs1535628, mapping 516 kb upstream from GRIN3A, accounted for ϳ5% of the response variance in the multivariate regression model ( Table 2) . GRIN3A encodes inotropic glutamate (NMDA) receptor subunit 3A, which belongs to the superfamily of glutamate-regulated ion channels. GRIN3A is widely expressed in neural cells, and a targeted deletion of the gene in mice suggests that it is involved in the development of synaptic elements (15) . In periodontal ligament cells, it has been shown that tensile mechanical stress induces glutamate signaling, including GRIN3A, to activate cytodifferentiation and mineralization of these cells (19) . Sequence variants in GRIN3A have also been associated with nicotine dependence (27) .
KCNH8 is primarily expressed in the human nervous system (47) . A SNP ϳ268 kb away from the gene locus accounted for 4.5% of the V O 2max response to exercise training (Table 2) . Likewise, a SNP in the vicinity (33 kb) of an open reading frame sequence (frame 27) on chromosome 9 (C9orf27) accounted for 4.1% of the training response variance.
A SNP 146 kb away from ZIC4 explained 3.2% of the V O 2max response to training in HERITAGE whites ( Table 2) . ZIC4 is a transcription factor expressed in the central nervous system, and deletion of ZIC4 is apparently sufficient to cause Dandy-Walker syndrome, which is characterized by delayed motor development, hypotonia, and often mental retarda-tion. It is not clear how these markers and genes would functionally relate to the trainability of V O 2max , but, if confirmed in independent studies, they could provide insight into the biology of cardiorespiratory fitness and its adaptation to regular exercise.
Interestingly, the significant HERITAGE association in whites with the SNP in the vicinity of ZIC4 was replicated in the STRRIDE cohort (Supplemental Table S2 ). The associations of SNPs rs884736 in the CAMTA1 locus and rs17581162 (serving as a surrogate for rs10921078) ϳ68 kb upstream from RGS18 with the gains in V O 2max in HERI-TAGE whites were replicated in HERITAGE blacks. Finally, two SNPs were replicated in DREW subjects: rs1956197 near DAAM1 and rs17117533 (surrogate for rs824205) in the vicinity of NDN. Each accounted for ϳ1-2% of the V O 2max response variance in HERITAGE whites. Thus, only 5 of the 15 markers entering in the genomic predictor score calculation that were tested for potential replication could be partially replicated ( Supplemental  Table S2 and Figs. 4 -7) .
It is not uncommon to find that associations in whites cannot be replicated in individuals of African descent. In general, genotyping a much larger panel of SNPs covering the genes or chromosomal regions encompassed in the genomic predictor scores may potentially have yielded many more significant markers. In the present study, we typed in the 3 other cohorts only the top 15 SNPs that were identified in HERITAGE whites. While the HERITAGE blacks were selected based on the same set of inclusion and exclusion criteria and were exposed to the same exercise training program and testing protocols as the HERITAGE whites, the situation was quite different for the participants of the DREW and STRRIDE studies (see Table 4 ). The latter were composed of subjects who were quite different from those of the HERITAGE Family Study at baseline, and the STRRIDE and DREW exercise programs on average did not yield as high an increase in V O 2max as was observed in the HERITAGE samples. This is probably due to the differences in the training programs. For example, exercise intensity was considerably lower (HR ϳ50% of V O 2max HR) in DREW subjects than in HERITAGE participants (HR 55% progressing to 75% of V O 2max HR). Finally, none of the SNPs/transcripts identified in a previous study by Timmons et al. (41) are part of the 21 genomic predictors identified in this report, but 4 of their SNPs are significant at the 0.008 level or better (see below). There were considerable differences in the approaches between the two studies. Timmons et al. used a transcriptomic exploration of the mRNAs from skeletal muscle biopsies, whose level of expression at baseline was predictive of V O 2max trainability. Starting with 25 of these candidate transcripts, Timmons et al. added 10 candidate genes previously identified in the HERITAGE cohort. Eleven SNPs from these 35 targets accounted for 23% of the variance in the gains of V O 2max in HERITAGE whites (41) . When these 11 SNPs were compared with the panel of 21 SNPs resulting from the optimized genomic predictor score of the present study, there were no common genes. The fact that the Timmons et al. molecular predictor relies heavily on baseline expressed transcripts from skeletal muscle is undoubtedly responsible for this divergence between the two genomic predictor schemes. However, on close inspection, markers in 4 of the 11 genes of the Timmons et al. molecular predictors presented with some evidence of associations, albeit not at the level that would have justified their selection for the multivariable regression analyses. One supervillin (SVIL) SNP was nominally associated with the gains in V O 2max (rs7358069: P ϭ 0.00028). Other associations of interest were those in neuropilin 2 (NRP2; rs3755233: P ϭ 0.003), titin (TTN; rs10497520: P ϭ 0.008), and carboxypeptidase, vitellogenic-like (CPVL; rs1052200: P ϭ 0.0053) (plus a few others at P ϭ 0.05 or better).
Despite the limitations identified above, the findings of the first GWAS for the trainability of V O 2max are quite exciting. Even though the sample size of the HERITAGE whites was limited compared with the large GWAS performed for common diseases on observational cohorts, the findings were impressive. The present study suggests that there are several oligogenes exhibiting allelic variation that contribute to the ability to improve cardiorespiratory fitness with regular exercise. This is in contrast to the findings of most GWA reports based on observational data. We interpret this to mean that the experimental intervention resulted in a clean phenotype with less confounding influences, which improved our ability to find associations with large effects despite the modest sample size. Moreover, the phenotype used herein reflects genotype-exercise training interaction effects that may include a larger genetic variance commonly seen in observational study designs. The genomic predictor score appears to be rather efficient in identifying a priori the low and high responders to regular exercise. Each of the genomic markers and candidate genes retained in the genomic predictor score should be further investigated through appropriate series of experiments and intervention studies to establish their exact functions and the conditions under which they operate in vivo. In particular, to provide a solid foundation for the new biology of adaptation to exercise that is likely to arise from this line of research and for the development of the exercise component of personalized preventive and therapeutic medicine, it will be essential to develop a large, well-characterized cohort of sedentary individuals and to expose them to a fully standardized and carefully monitored exercise training program.
